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Abstract 
The mass transfer of CO2 into aqueous ammonia with a series of promoters was studied. Three 
promoters were chosen to represent three different chemical classes. These classes were 
alkanolamine, amino acid and inorganic base. Of these classes the alkanolamine showed the 
greatest enhancement of CO2 mass transfer, followed by the amino acid. The inorganic base did not 
show any enhancement. 
Two factors were identified that lead to the enhancement of CO2 mass transfer. The first factor was 
the alkanolamine and amino acid used have faster reactions with CO2 than ammonia. The second 
was the presence of ammonia in a high concentration provides additional sites for proton accepting; 
allowing more of the added alkanolamine or amino acid to react with CO2. This theory is supported 
by C13 NMR data. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
The capture, reversible release and storage of carbon dioxide (CO2) from combustion flue gases 
(post combustion capture, PCC) is recognised by government and industry as a viable near-term 
option for greenhouse gas abatement [1,2]. It is relevant to electricity generation from fossil fuels 
(coal, oil and gas) which accounts for approximately 25% of global CO2 emissions [3]. This figure 
has been forecast to increase drastically in the next 25 years [4].  
PCC has two distinct advantages over other power station CO2 mitigation options such as oxy-firing 
and integrated gasification combined cycle (IGCC) with pre-combustion capture [5]. The first 
advantage is that being an end-of-pipe technology means it can be retrofitted to existing power 
stations with minimal modification, or easily integrated into new ones.  The second advantage is the 
ability to dynamically control the energy demand of the PCC plant, allowing additional electricity 
output to the grid in times of peak load or optimal electricity pricing.  PCC technology is also 
suitable for CO2 capture from other point sources such as steel and cement manufacturing.  
The most mature PCC technology is reactive chemical absorption/desorption of CO2 into/from an 
aqueous alkanolamine absorbent [5]. It is a temperature swing process where CO2 is absorbed at 
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low temperature (~313 K) and released at high temperature (~393 K), with regenerated absorbent 
returned to the absorption process. Gas-liquid contacting takes place via packed columns with 
counter-current gas and liquid flows. The application of PCC to combustion flue gases from 
electricity generation or other point sources poses a number of technical challenges. The two main 
issues are the energy requirements of the process and capital cost. The main energy requirements 
are for heating the absorbent to release CO2, and the electricity to pump the absorbent around the 
system. The largest contribution to the capital cost are the materials for construction of the 
absorption columns. The size of the absorption columns are defined by the rate of CO2 absorption. 
The faster the absorption rate, the smaller the gas-liquid contact area required, and thus smaller 
absorption columns are required.  
In an attempt to address these issues, aqueous ammonia (NH3) solutions are now being proposed as 
an alternative to aqueous alkanolamine absorbents for PCC. Aqueous ammonia has been shown to 
achieve higher CO2 loadings (on a molar and mass basis) than sterically free primary alkanolamines 
such as monoethanolamine (MEA) [6]. This is due to the CO2-NH3-H2O system favouring 
bicarbonate over carbamate formation, particularly as CO2 loading increases [7]. Aqueous ammonia 
has also been shown to require less heat input for desorption than MEA [8]. This is due to the 
smaller reaction enthalpy for CO2 absorption and higher CO2 partial pressure at elevated 
temperature compared to MEA. Ammonia is also resistant to oxidative degradation, which is a 
major benefit when treating oxygen containing gas streams such as those from coal fired power 
stations. The other main attractive feature is that in the presence of sulfur and nitrogen oxides in the 
gas stream, the ammonium salts that form have commercial value as fertilisers.  
A major drawback in the use of ammonia is its vapour pressure. Due to its small molecular weight 
ammonia vapour pressure is high compared to alkanolamines [9,10]. To address this it has been 
proposed that the absorption process take place at lower temperatures to reduce losses via 
volatilization (slip). While reducing the temperature of the absorption process lowers the ammonia 
slip, it also slows the kinetics of the absorption reaction. For the ammonia system to be comparable 
to amine systems it needs to absorb CO2 from a flue gas at similar rates. Currently the rates of 
absorption for low temperature ammonia (e.g. 283 K) are much slower than amines such as MEA at 
313 K [11]. One approach to increasing this rate is to add other compounds to ‘promote’ the 
absorption of CO2. 
In this work the mass transfer of CO2 into aqueous ammonia with a series of promoters is studied. 
Three promoters were chosen to represent three different chemical classes. These classes were 
alkanolamine, amino acid and inorganic base. All three of these classes have been previously used 
to absorb, or promote the absorption of CO2 [12-14]. C13 NMR was used to identify the reaction 
product species. This information was then used to identify the reaction mechanisms of the CO2
absorption. 
2. Method 
2.1. Mass Transfer 
The reactive chemical absorption of CO2 into a thin film can be described as a combination of 
diffusion and chemical reaction processes. The CO2 diffuses from the gas phase, across the gas-
liquid interface, into the liquid phase where it undergoes chemical reaction. It is assumed that the 
film is uniform and the continuous replenishment of the film means there are no long range 
diffusion processes taking place in the liquid phase between the interface and the bulk liquid [15]. 
The mass transfer processes taking place can be described as a combination of those taking place on 
the gas side of the interface and on the liquid side. The concentration of CO2 in the gas phase falls 
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from its bulk gas partial pressure, to its partial pressure at the gas-liquid interface, according to the 
gas side mass transfer coefficient kg. The dissolved CO2 concentration at the interface then falls by 
diffusion and chemical reaction to the bulk dissolved CO2 concentration, according to the liquid 
side mass transfer coefficient kl. The liquid side mass transfer coefficient is a function of mass 
transfer of CO2 without reaction, k°l, and enhancement by chemical reactions occurring in the liquid 
film that act to consume CO2. The overall mass transfer co-efficient KG is related to the inverse sum 
of the liquid and gas side mass transfer co-efficient, Eq. 1.  
G g l
1 1 1
K k k
= +              Eq.  1 
A wetted-wall column was used to study the absorption rate of CO2 into aqueous solutions of 
ammonia and either piperazine, glycine or boric acid. All compounds were purchased from Sigma 
Aldrich. The purities of the compounds were; ammonia (28% v/v), piperazine (99%), glycine 
(99%), and boric acid (99%). The solutions studied were; 3 mol/L ammonia with 0.5 mol/L 
piperazine,  3 mol/L ammonia with 0.5 mol/L boric acid, 3.35 mol/L ammonia with 0.5 mol/L 
glycine, and 0.5 mol/L piperazine. All solutions were studied at a temperature of 283K. The carbon 
dioxide loadings studied are outlined in Table 1. 
Table 1 List of solution and CO2 loadings studied. 
Solution 0 mol 
CO2
0.6 mol 
CO2
1.2 mol 
CO2
1.8 mol 
CO2
2.4 mol 
CO2
2.8 mol 
CO2
3 mol/L ammonia with 
0.5 mol/L piperazine x x x x x x 
3 mol/L ammonia with 
0.5 mol/L boric acid x   x   
3.35 mol/L ammonia 
with 0.5 mol/L glycine x x x x x  
0.5 mol/L piperazine x      
The increased ammonia concentration used with the glycine study (pKa = 2.35 at 298 K) was to 
offset the free ammonia lost to the formation of ammonium glycinate in solution. Due to higher pKa 
values the ammonia concentration in the piperazine and boric acid studies did not need to be 
increased. The pKa values at 298 K for piperazine and boric acid are 9.73 and 9.24 respectively. 
The design and operation of the wetted wall column has been previously presented [11]. Flux rates 
(NCO2) were measured for each solution at bulk carbon dioxide partial pressures of 0, 4, 8, 12, 16 
and 20 kPa. A plot of NCO2 versus the applied CO2 partial pressure PCO2 (log mean of the inlet and 
outlet CO2 partial pressure) yields a linear relationship. With the slope equal to KG and an x-
intercept equal to the equilibrium partial pressure (P*CO2), see Eq 2. 
*
CO2 G CO2 CO2N =K (P -P ) Eq. 2 
Due to ammonia having a high vapour pressure ammonium bicarbonate formed in the condenser 
down-stream from the wetted-wall column. After measurement at each CO2 partial pressure the 
condenser was dried at <283 K and rinsed with distilled water. The amount of ammonia in the 
collected solution was then measured using an ammonium ion selective electrode (Orion). This data 
was then used to correct the measured CO2 concentration exiting the wetted-wall column by up to 
5%. This correction was applied to all CO2 partial pressures for the following test solutions; 3 
mol/L ammonia with 0.5 mol/L piperazine (loadings of 0, 26.4 and 52.8g of CO2); 3 mol/L 
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ammonia with 0.5 mol/L boric acid (loadings of 0g of CO2); 3.35 mol/L ammonia with 0.5 mol/L 
glycine (loadings of 0 and 26.4g of CO2). At all other operating conditions no ammonium 
bicarbonate formation was detected. 
2.2. NMR 
Aqueous solutions of 3 mol/L ammonia with 0.5 mol/L piperazine, and 0.5 mol/L piperazine were 
prepared in 15 mL volumetric flasks with deionised water. The solutions were decanted into 
reaction flasks and warmed with a thermostatted bath to 298 K. After the solutions reached the 
required temperature, CO2 was introduced to the reaction flask above the stirring bean at 5 mL/min. 
Samples of the reaction were taken in NMR tubes at 0 and 10 minutes. An external standard of 1,4-
dioxane was added to each tube and samples were then analysed via C13 NMR spectroscopy at 298 
K. 
3. Results & Discussion 
The overall mass transfer co-efficients (KG) for the promoted solutions are shown in Figure 1.
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Figure 1 Plot of overall mass transfer co-efficient (KG) versus CO2 loading for 3 mol/L ammonia 
[11] and the promoted ammonia solutions at 283 K. 
The overall mass transfer of CO2 into 3 mol/L ammonia with 0.5 mol/L boric acid shows no 
increase in absorption over 3 mol/L ammonia. Without nitrogen within the molecule boric acid is 
incapable of forming a carbamate. In this system boric acid is only capable of accepting protons. 
The lack of increase in CO2 absorption rates with boric acid present indicates the rate limiting step 
of absorption by ammonia is not proton accepting, it is the ammonium carbamate formation. 
The overall mass transfer of CO2 into 3.35 mol/L ammonia with 0.5 mol/L glycine shows an 
increase in absorption of CO2 over 3 mol/L ammonia. This increase in absorption rate is seen at 
loadings from 0-0.45. Glycine, an amino acid, is capable of both forming a carbamate and proton 
accepting. The increased CO2 absorption rate can be explained by glycine having a faster reaction 
with CO2 than ammonia, see Table 2. The faster reaction of glycine with CO2 is why we see faster 
CO2 absorption at loadings of less than 0.45. Having another base in high concentration (ammonia) 
will allow more glycine to react with CO2 than glycine on its own, as the other base provides 
alternative sites for proton accepting.  
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Table 2 Second order rate constants for ammonia, glycine and piperazine. 
 Second Order Rate Constant at 283K (m3/mol.s) 
Ammonia 0.9   [11] 
Glycine 3.0   [12] 
Piperazine 26   [16] 
The overall mass transfer of CO2 into 3 mol/L ammonia with 0.5 mol/L piperazine shows an 
increase in absorption of CO2 over 3 mol/L ammonia. This increase in absorption rate is seen at 
loadings from 0-0.8. Piperazine, a secondary diamine is capable of both forming a carbamate and 
proton accepting. Being a diamine piperazine can form a dicarbamate, diprotonate or a combination 
of the two. The increased CO2 absorption rate can be explained by piperazine having a faster 
reaction with CO2 than ammonia, see Table 2. The faster reaction of piperazine with CO2 is why we 
see faster CO2 absorption at loadings of less than 0.8. Having another base in high concentration 
(ammonia) will allow more piperazine to react with CO2 than piperazine on its own, as the other 
base provides alternate sites for proton accepting.  
Figure 2 C13 NMR for and 3 mol/L ammonia with 0.5 mol/L piperazine (left) and 0.5 mol/L 
piperazine (right) before and after exposure to CO2. 
The C13 NMR data for 0.5 mol/L piperazine and 3 mol/L ammonia with 0.5 mol/L piperazine are 
shown in Figure 2. At T = 0 min in both sets of data we see a sharp peak at a shift of 45 ppm. This 
peak corresponds to the four NCH2 carbons in the piperazine ring. At T = 10 min we see this peak 
shift to the right, we also see a small peak appear due to the NCH2 carbons in piperazine carbamate, 
a reaction product. The ratio of the unreacted piperazine peak heights (T = 10 min divided by T = 0 
min) for the 3 mol/L ammonia with 0.5 mol/L piperazine is 0.98. For the 0.5 mol/L piperazine with 
no ammonia present it is 0.79. The difference in these ratios confirms that there is more unreacted 
piperazine present in the blend with ammonia after 10 minutes than there is with piperazine on its 
own. This supports the theory that having a second base in high concentration allows more 
piperazine to react with CO2 as the second base (ammonia) provides alternate sites for proton 
accepting. 
4. Conclusion 
The mass transfer of CO2 into aqueous ammonia with a series of promoters was studied. Three 
promoters were chosen to represent three different chemical classes. These classes were 
alkanolamine, amino acid and inorganic base. Of these classes the alkanolamine showed the 
greatest enhancement of CO2 mass transfer, followed by the amino acid. The inorganic base did not 
show any enhancement. 
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There are two factors that lead to the enhancement of CO2 mass transfer. The first factor is the 
alkanolamine and amino acid used have faster reactions with CO2 than ammonia. The second factor 
is the presence of ammonia in a high concentration. This provides additional sites for proton 
accepting; allowing more of the added alkanolamine or amino acid free to react with CO2. The C13 
NMR data presented supports this theory. 
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